Objective. To investigate and compare facial asymmetry in subjects with JIA with unilateral, bilateral or no TM joint (TMJ) involvement.
Introduction
The aetiology of JIA is not fully understood. According to the literature and international standards, JIA is characterized by arthritis persisting in at least one joint for at least 6 weeks in an individual <16 years of age [1] . JIA can involve all joints of the body including the TM joint (TMJ).
Since the mandibular condylar cartilage is an important growth centre, JIA involvement of the TMJ can lead to dysplastic growth of the mandible. This can result in an altered physiognomy characterized by mandibular retrognathia, increased overjet, anterior open bite and widening of the gonial angle [2] [3] [4] [5] .
Several studies have described the growth changes associated with JIA involvement of the TMJ. However, they have primarily focused on the osseous components of the face using cephalometric X-rays [2, 5, 6] , although some researchers have conducted studies on the masticatory apparatus [7, 8] . Even though osseous asymmetry is a well-known feature in JIA subjects with TMJ involvement [5, 9, 10] , to our knowledge no studies have quantified the detailed three-dimensional (3D) asymmetry of the soft tissue face in these subjects. The purpose of the present study was to: (i) quantify the detailed 3D asymmetry of the facial surface in children and young adolescents with JIA using 3D surface scans; and (ii) compare the degree of facial asymmetry in subjects with and without TMJ involvement.
Materials and methods
This was a retrospective study of consecutive subjects with JIA attending annual TMJ controls at the School of Dentistry in the Faculty of Health Sciences at the University of Copenhagen in Denmark in 2008. All subjects had a previous or current diagnosis. They were treated according to the guidelines of the Department of Pediatric Rheumatology at the Copenhagen University Hospital Rigshospitalet in Copenhagen, Denmark. As part of the TMJ control visit routine, a 3D photograph (3D surface scan) was obtained using a 3dMDface stereophotogrammetric system (3dMD, Atlanta, GA) together with a panoramic X-ray (Planmeca PM2002 CC; Planmeca OY, Helsinki, Finland). All subjects were Caucasian and had not been surgically treated for any jaw deformity before examination. All panoramic X-rays and 3D photographs were collected by the same trained photographer at the School of Dentistry at the University of Copenhagen. The study was conducted in accordance with the Helsinki Declaration.
The sample consisted of 81 subjects (65 females and 26 males). The mean age of the sample was 13.1 years (S.D. 3.6 years; range 4.2-19.8 years). Based on the panoramic X-rays, the subjects were classified according to the TMJ involvement (Table 1) .
A 3dMDface system (3dMD) with macro lenses was employed to acquire the 3D photographs. The subjects sat in a chair facing a point on a wall behind the cameras to ensure a similar head posture (i.e. slightly up-tilted chin) for all subjects. Further, the subjects were instructed to maintain a neutral facial expression during data collection, which lasted 2.5 ms.
The TMJs were scored on a 4-point scale on the panoramic X-rays as: no involvement (score 0); slight erosions or breakdown of superficial cortical bone (score 1); erosions of the mandibular condyle (score 2); or condyle completely eroded (score 3) [8] . TMJ involvement scores are presented in Table 2 .
In order to increase the effective sample size of Groups 1 and 2, mirroring of the surfaces across the mid-sagittal plane (MSP) was carried out such that the TMJ involvement (Group 1) and the highest TMJ score (Group 2) were on the left side of the face. For each individual, the amount of asymmetry was determined at every spatial location on the surface of the face by applying the method described by Ó lafsdó ttir et al. [11] . The method involves an extension from 3D images to 3D surfaces of the method used by Ó lafsdó ttir et al. [12] . It was validated in [13] and [14] . A symmetric face atlas was deformed [15] to each individual surface using 22 manually placed landmarks (Fig. 1a) and thin plate splines using landmarker software (3D Craniofacial Image Research Laboratory, University of Copenhagen, Copenhagen, Denmark) [16] . The result was a set of individual facial surfaces with detailed point correspondence between the left and the right side of the face as well as among all individuals. The 3D asymmetry at any given spatial point location (P) on the face was defined in terms of the 3D vector, A (Fig. 1b) between that point and the corresponding anatomical point on the opposite side of the MSP after mirroring across the MSP (P 0 mirr ). The atlas deformation process ensured that P and P 0 were anatomically corresponding on the left and The asymmetry vector, A, is defined as the vector between the points P and P 0 mirr . The solid curve represents an axial cross-section through an asymmetric face at the level of the nose. P marks a point on the left side of the face, whereas P 0 marks the anatomically corresponding point on the right side of the face. The dashed curve is the same cross-section after the face has been mirrored across the MSP. P 
587
3D analysis of facial asymmetry in JIA subjects right side of the MSP, respectively. The Cartesian vector components of A provided the amount of asymmetry in the transverse, vertical and sagittal directions in the face, respectively (Fig. 1c ).
Statistical analysis
The mean and variability of the asymmetry in each of the three groups was calculated as the point-wise mean and S.D., respectively, of the absolute value of the asymmetry of all the subjects belonging to the respective groups. Further, six facial sub-regions (Fig. 1a) were defined in which a spatial mean asymmetry was calculated for each individual. Using Student's t-test, the values for the mean asymmetry for Groups 1 and 2 were compared with the mean values of the group of subjects with no TMJ involvement (Group 3). Comparisons were conducted to look for differences in asymmetry in: (i) the full-facial region using the spatial extent of the face mask; (ii) each of the six subregions (Fig. 1a) ; and (iii) each single point within the face mask using point-wise comparisons. The level of significance was set at 5%.
The amount of abnormality (U) was calculated for each individual in terms of the number of S.D.s from the population mean of JIA subjects with no TMJ involvement. Formally, U = A/, where A is the asymmetry and is the dispersion in S.D.s in the control population. A 3D abnormality map was created for each subject by colour coding the individual's facial surface in terms of U. This type of map provides information about the amount and spatial extent of abnormality. In addition, it can be used to predict disease.
Results
Mean and variability of asymmetry Figure 2 presents the patterns of asymmetry in the three groups of subjects with JIA. The mean facial shapes in the three groups are colour coded according to mean (top row) and S.D. (bottom row) of asymmetry. All three groups exhibited similar amounts of mean asymmetry of $1.7 mm (blue and green areas in Fig. 2 , top row) in large portions of the mid-face. In Group 3 (no TMJ involvement), the green area extends to the chin and upper cheek areas, whereas the lower cheek shows a somewhat increased asymmetry of $2.3 mm (yellow and light orange). Group 1 (unilateral TMJ involvement) displays highly increased facial asymmetry (dark orange and red) in a broad band along the lower jaw extending from the region of the condyle to the chin, with mean asymmetry values up to 3.5 mm. Group 2 (bilateral TMJ involvement) exhibits an increased amount of facial asymmetry, but to a much lesser degree than Group 1 both in terms of spatial extent and magnitude (up to 2.5 mm in the chin; 2.7 mm in the lower cheek region). The variation in asymmetry expressed by the S.D. (lower row in Fig. 2) shows peaks in the chin area in both Groups 1 and 2. In addition, the mean asymmetry was broken down into its three directional components: the transverse, vertical and sagittal directions (Fig. 1c) . There is asymmetry in all three directions in all three groups, with the most pronounced being in the transverse direction, especially in Groups 1 and 2. Table 3 presents the mean asymmetry and S.D. after spatial averaging over the full-facial region (Fig. 1a) for the three groups. With regard to mean asymmetry and the directional components, Group 1 has the largest amount of facial asymmetry, followed by Groups 2 and 3, respectively. Table 3 The asymmetry given was computed as the spatial mean across the full-facial region and corresponds to the asymmetry shown in Fig. 2 . P-values are for Student's t-tests comparing the mean in the indicated group with the group with no TMJ involvement. *Statistically significant difference between group means at a 1% level. t: transverse; s: sagittal; v: vertical.
greater asymmetry (magnitude and direction) in Group 2 than in Group 3 was not statistically significant. Results of point-wise t-tests (Fig. 3) provided information about the spatial location and extent of facial regions with statistically significant differences between the two groups with TMJ involvement, respectively, and the group with no TMJ involvement. Group 1 had significantly greater asymmetry of almost the entire band along the lower jaw (Fig. 2) compared with Group 3. For Group 2, the significant differences were restricted to the chin and a portion of the lower cheek. Significant areas were also seen between the eyes; however, these areas show small asymmetry values with no clinical relevance (Fig. 2) . Table 4 presents the mean asymmetry values in each of the six subregions of the face (Fig. 1a) . Most of the asymmetry was located in the middle and lower parts of the face (e.g. nose, mouth, chin and lower cheek). With regard to direction of asymmetry, the transverse direction accounted for the highest amount of asymmetry in all groups (Group 1: 2.6 mm; Group 2: 2.1 mm; and Group 3: 1.3 mm). Table 4 also presents a region-wise comparison to the groups. Group 1 was significantly different to Group 3 in the following regions: mouth (P = 0.012), chin (P = 0.006), lower cheek (P = 0.016) and upper cheek (P = 0.024). For the directional components, the JIA group with unilateral TMJ involvement was significantly different in the transverse component (P = 0.015) and the sagittal component (P = 0.001) of the chin, as well as the sagittal component (P = 0.015) of the lower cheek. Group 2 was significantly different in the transverse component (P = 0.045) of the nose and the vertical and sagittal components of the chin (P = 0.039 and 0.019, respectively). Figure 4a shows the asymmetry map in a subject with unilateral TMJ involvement. The subject had the largest amount of asymmetry in the sample. Specifically, there was a large amount (>8 mm) of asymmetry in the chin and lower cheek regions. The left image of Fig. 4b shows the abnormality map for the same subject. Almost no parts of the face are closer than 2 S.D.s from the mean of Group 3. Further, the chin region deviates >8 S.D.s from the mean of Group 3. Although this is indicative of a small probability of this subject belonging to the control group, it should be noted that this particular individual is an extreme case that can be appreciated in the right image (Fig. 4b) . In Figure 4b , the asymmetry of this subject was expressed in terms of number of S.D.s from its own population (Group 1) in which up to 5 S.D.s were found in many portions of the face.
Correlations between spatial mean asymmetry and age were computed for the full-facial region as well as in the six subregions of the face. There were no significant correlations (95% CI) between asymmetry and age for Group 3. For the full-face region, R was 0.10/0.11/0.10/À0.06 for the magnitude of asymmetry and the transverse, sagittal and vertical components, respectively. For the JIA groups with TMJ involvement (Groups 1 and 2 combined) , the magnitude of asymmetry showed a statistically significant R for the full-face region (R 0.34; 95% CI 0.03, 0.60) and the lower cheek region (R 0.36; 95% CI 0.04, 0.61), whereas the three vector components of the asymmetry showed no significant correlation (R = 0.24/0.24/0.26 for the transverse, sagittal and vertical components, respectively). However, Group 2 alone showed a statistically significant correlation between transverse asymmetry and age in the full-face region (R 0.53; 95% CI 0.05, 0.81) and the lower cheek region (R 0.58; 95% CI 0.11, 0.83). Further, the unilateral group alone showed a statistically significant correlation between sagittal asymmetry and age in the upper cheek region (R 0.53; 95% CI 0.15, 0.77).
Discussion
Numerous roentgencephalometric studies on dentofacial morphology in relation to JIA of the TMJ have been carried out [2, 8, 9, 17, 18] , but, to our knowledge, the present study is the first to quantify spatially detailed 3D soft tissue facial asymmetry in subjects with JIA.
One property of the asymmetry definition used in the present study is the equality of the absolute value of the asymmetry on opposite sides of the MSP. Therefore, the asymmetry maps (Figs 2 and 4) always have the same absolute value of asymmetry on the left and right sides of the face. This is an intuitively correct definition in applications in which there is no normal side of the face per se. When studying JIA subjects with and without TMJ involvement, it is desirable to use a method that does not incorporate the assumption that one side of the face is normal. When interpreting the asymmetry maps, it is important to bear in mind that asymmetries on both sides of the face influence the values in a particular region. In other applications in which one side of the face should be treated as normal, such as in diseases where degenerative processes are known to alter only the tissues on one side of the face, a modification to the method may be used. Figure 4 demonstrates the usefulness of the method for quantifying and displaying the facial asymmetry of individual subjects. The method seems to be a promising tool for monitoring disease progression and evaluating treatment in subjects in the clinic, given that it is a relatively inexpensive non-ionizing alternative or supplement to ordinary X-ray examination. The mean faces of the three groups shown in Fig. 2 highlight subtle differences in the mean asymmetry of the groups. Although these differences are difficult to describe and quantify with visual inspection, they can be meaningfully measured using the method of asymmetry quantification used in this study, which clearly demonstrates the strength of the method.
The results of the study showed that the JIA group with unilateral TMJ involvement had the largest mean asymmetry (magnitude), with an especially large transverse (a) ( b) component in the chin region that may be interpreted as a transverse displacement of the chin. The finding may be explained by the fact that the cartilage in the mandibular condyle is an important growth centre in the mandible. Further, a unilateral destruction of this growth centre can lead to unilateral underdevelopment of the mandible and facial asymmetry with a unilateral displacement of the mandible to the affected side. Results of previous studies have shown that a destruction of the cartilage on the mandibular condyle can result in altered physiognomy characterized by mandibular retrognathia, increased overjet, anterior open bite and widening of the gonial angle [2] [3] [4] . In addition, several researchers have described growth changes related to JIA involvement of the TMJ, but they have primarily focused on the osseous components of the face using X-rays [2, 5, 6] . The group of JIA subjects with bilateral involvement was selected to include both individuals with different degrees of TMJ involvement (unbalanced involvement) and individuals with the same degree of TMJ involvement (balanced involvement) on opposite sides of the face. This mixture of types of involvement in the bilateral group may explain the lack of significant differences between this group and the JIA group with no TMJ involvement. It would have been interesting to separate the subjects in this group according to types (balanced vs unbalanced), although it was not done in this study due to the limited sample size. Still, the group with bilateral involvement showed significant asymmetry in the vertical and sagittal directions in the chin region (Table 4 and Fig. 3 ). In general, the facial (chin) asymmetry observed in the JIA group with bilateral TMJ involvement may be explained by the differences in the severity of jaw involvement on opposite sides or time of onset of the disease in the two joints. The group of JIA subjects with bilateral TMJ involvement also had a significantly less asymmetric nose than the group without TMJ involvement (Table 4 and Fig. 3 ). It is likely that this finding was a coincidence.
A relevant property of the facial shape that is not captured in the asymmetry is the amount of mandibular retrognathia. In general, the JIA group with bilateral TMJ involvement showed the largest amount of mandibular retrognathia based on a visual inspection of lateral views of the mean facial shapes seen in Fig. 2 . This finding is not surprising, given that a bilateral destruction of the growth centres located in the cartilage of the mandibular condyles can lead to a short mandible undergoing a backward rotation in relation to the anterior cranial base and the maxilla.
The positive correlation between age and asymmetry found in the JIA subjects with involvement of the TMJ as opposed to the subjects with no TMJ involvement indirectly supports the common observation that facial skeletal asymmetry increases with time during periods of activity in the TMJ due to arthritis. The detection of this correlation also highlights the sensitivity of the method of asymmetry quantification.
The method of asymmetry quantification provided detailed 3D asymmetry maps that described both the amount and the localization and spatial extent of facial asymmetry. Further, the different directions (i.e. transverse, sagittal and vertical) of asymmetry could be discerned. Applications of the method range from asymmetry quantification and monitoring in individuals to studies of the mean asymmetry and variability of asymmetry in populations. Future research might involve comparison of different orthodontic and surgical treatment regimens and conduction of automated risk assessments.
Rheumatology key messages
. Detailed 3D facial asymmetry quantification in JIA is presented for the first time. . Applications include outcome evaluation using a non-ionizing imaging modality and opens up for automated risk assessment.
